Neutron-induced prompt gamma activation analysis (PGAA) has been used to analyze ocean floor geothermal vent-generated samples that are composed of mixed metal sulfides, silicates, and aluminosilicates. The modern application of the PGAA technique is discussed, and elemental analytical results are given for 25 elements observed in the samples. The elemental analysis of the samples is consistent with the expected mineralogical compositions, and very consistent results are obtained for comparable samples. Special sensitivity to trace quantities of hydrogen, boron, cadmium, dysprosium, gadolinium, and samarium is discussed.
was limited until recently when advancements in cold and thermal neutron beam technology, the development of a new capture gamma-ray database, and gamma ray detector advancements have increased PGAA sensitivity and made it possible to simultaneously and precisely analyze the relative elemental composition of materials in a low background environment. In most cases the relative concentrations of elements representing >99% of the mass are determined allowing the absolute concentrations to be calculated.
This work has focused on the total elemental analysis of geothermal vent-generated metal sulfide, silicate, and aluminosilicate minerals using PGAA. We analyzed three samples retrieved from the Juan de Fuca Ridge and the East Pacific Rise ocean floor geothermal vents by the research exploration vessel Alvin. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] These samples are representative of the types of material retrieved in dives of the Alvin and thus give an excellent demonstration of complete, simultaneous, nondestructive, multi-element analysis with PGAA. The samples also provide an opportunity to look at a wide array of trace elements that may exhibit varying degrees of complexity in their chemistry. These samples were chosen to show the strength of the modern PGAA as a high sensitivity technique for performing elemental analyses of both the predominant elements and the extremely small chemical components in these highly heterogeneous materials.
EXPERIMENTAL

PGAA Method
PGAA is based on the nuclear phenomenon that cold or thermal neutrons captured on each element produce a spectrum of prompt gamma rays that is unique to the element. The elemental composition of a sample is determined by placing it in the neutron beam, measuring the gamma-ray spectrum with a Ge detector, and comparing the energies and intensities to the PGAA library of prompt gamma rays emitted by each element. Neutrons penetrate most materials uniformly, so PGAA provides the average elemental composition of the sample and is largely independent of the physical form of the sample being analyzed. Both the elemental and isotopic composition of solids, liquids, and gases can be obtained. Since the technique is non-destructive, no prior chemical or physical preparation is required, allowing for subsequent analyses with other methods.
Experimental Apparatus
The neutron-induced prompt gamma activation analyses (PGAA) were performed at the Institute for Isotope and Surface Chemistry, Budapest, Hungary, as described previously. 16, 17 The
Budapest Reactor is a water-cooled, water-moderated research reactor with a thermal power of 10 MW. A curved neutron guide consisting of a glass coated nickel reflector transports the beam of low-energy neutrons to a low-background detector station approximately 35 meters from the reactor core where epithermal neutrons that would otherwise distort the spectrum are completely suppressed.
The prompt gamma-ray detector, located at the end of the guide, consists of high purity germanium (HPGe) detector which is surrounded by a bismuth germanate (BGO) scintillator annulus used to reject Compton-scattered photons. The thermal-equivalent effective flux is approximately 2.5 x 10 6 cm -2 s -1 at the target position. Samples were placed directly in the beam that was collimated to an area of 2 x 2 cm. The detector assembly can be moved to various positions, and the HPGe detector can be placed within 12 cm of the target. Complete details of the experimental arrangement and detector system are discussed elsewhere. 17 The measured chemical composition of the sample is an average value for the entire irradiated volume of the sample which is uniformly irradiated by the neutrons.
Sample spectra are collected using a 16,000 channel multichannel analyzer from Canberra, Model No. S100 MCA. The gamma-ray energy and efficiency calibrations for the system are performed using standard lines from both radioactive sources and (n,γ) reactions. The spectra from the ocean vent samples were analyzed with "Hypermet PC," a gamma-ray spectrum analysis program developed at the Institute for Isotope and Surface Chemistry in Budapest.
Element Identification
The elemental identification is based on a comparison of the sample spectrum with the gamma ray database for all elements from hydrogen to uranium (except for helium) measured at the 
Determination of Chemical Composition
The specific counting rate of a prompt gamma ray from neutron capture is given by
and is usually expressed in units of counts s -1 g -1 . N γ is the integral number of counts during a time interval t m from a mass m of an element. Following the convention used in neutron activation analysis, we define a k 0 -factor relating the prompt gamma ray yields for each element x to a comparator element c by the equation 
where M is the atomic mass, θ is the isotopic abundance, 0 σ is the thermal neutron capture cross-section of the isotope, γ is the number of gamma-rays emitted per neutron capture, and ε γ is the detector efficiency. Thermal cross sections are defined as σ 0 =σ⋅v/v 0 (v 0 =2200 m⋅s -1 ) for nearly all elements, so the velocity dependence cancels for cold and thermal beams irrespective of the neutron temperature.
The mass ratio for an element "x" can be determined by the following equation:
where R is an arbitrary reference element contained within the sample. This ratio is independent of the neutron flux and depends only on nuclear constants and the detector efficiency that are known with good accuracy. 20 The k 0 -factors for all elements were determined by internal standardization measurements at the Budapest Reactor and are discussed elsewhere 21 .
The relative masses are calculated according to Equations (1)-(3). In neutron activation analysis, a standard comparator material must be measured with the sample to obtain an absolute calibration. This is not usually necessary for PGAA when all major elemental components are simultaneously determined and where the arbitrary reference element cancels.
The principal errors in determining the elemental concentrations include the statistical uncertainties of the peak areas, the k 0 -factors, and the detector efficiencies. The latter two typically have standard deviations of a less than few percent, so the total uncertainty is mainly determined primarily by the counting statistics. The k 0 values in the database were measured with respect to the very well know hydrogen cross-section introducing a negligible systematic error of 0.2%. Interferences from contaminant gamma rays are individually examined, and the affected peaks are either corrected for interference or neglected from the calculations. Corrections for gamma ray absorption in the sample may also be important, particularly for low energy gamma rays, and can be corrected using theoretical absorption data.
The concentration of each element is determined independently for each prompt gamma ray observed in the spectrum that has been assigned in the database to that element. In some cases more than 25 independent determinations can be performed for one element. Discrepant data that disagree because of contaminants or analytical difficulties are rejected, and the remaining measurements are averaged to give a final concentration. An example for a chlorine analysis of one of the geothermal vent samples is given in Table 1 . We have previously performed comparisons of NIST certified and measured concentrations of SRM 1645 River Sediment 20 and obtained excellent agreement.
Detection Limits
PGAA elemental sensitivities depend on several factors including the thermal neutron cross section, counting statistics, background and interferences from other elemental constituents, the number of available prompt gamma ray calibration lines, and their energies and intensities. The peak analysis was performed using Hypermet PC that is typically used to find peaks that exceed three times the standard deviation of the background. Yonezawadetection limits for each element, based on the cross section yields of the most intense gamma rays, which is shown in Table 2 .
Measurements of the Geothermal Vent Samples
Three geothermal vent samples were obtained from the East Pacific Rise and Juan de Fuca Ridge geothermal fields by the U.S. Geological Survey, Menlo Park, CA, as previously reported.
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The samples that were analyzed in this study were as follows. Sample 917-R4: Taken 
RESULTS AND DISCUSSION
The neutron-induced PGAA technique employed here is able to analyze for all major constituents with concentration >100mg/g and many trace elements in the samples. The spectra obtained are shown in Figure 1a -1c where some of the prominent gamma rays have been labeled by their element identification. The elemental concentrations obtained from an analysis of these spectra are given in Table 3 .
Samples 1457-1R-C and 1461-2R were remarkably similar, being composed mainly of silicate and aluminosilicate materials. These samples were found in close proximity in the geothermal field, thus explaining their similarity. Sample 917-R4 contained little silicon, no measurable aluminum, and was mainly composed of copper, nickel and zinc sulfides not found in the other samples. These analyses are consistent with the overall mineralogical analyses of other vent samples that were collected from the two geothermal fields that were previously reported [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
In addition to the major elements in these samples, trace amounts of many other elements were also detected. Notably, the rare earth elements samarium, and gadolinium had similar concentrations in all three samples, while dysprosium was only seen in samples ALVIN 1457-1R-C and ALVIN 1461-2R. These results show the variability of rare earth concentrations from roughly the same ocean bed geothermal field and demonstrate the particular sensitivity of PGAA to these elements.
Hydrogen, boron, and cadmium were also found at the trace level in all three samples, showing the great sensitivity of PGAA to these elements. Neutron activation analysis is similar to PGAA and sensitive to very low concentrations, but it is limited to only a few elements and tends to create very radioactive products. ICP-MS is a competitive method to PGAA; however, it is a destructive method for multielement analysis, too.
Conversely, PGAA analyzes the elemental composition of the entire sample nondestructively allowing the use of alternative techniques for complimentary the analysis.
CONCLUSION
Prompt-gamma activation analysis has been shown to be an effective method to simultaneously determine both macro-and micro quantities of many elements that are contained in Table 3 . Percent elemental concentrations (g/100g sample) for the three ocean vent samples. Oxygen values marked with an asterisk were calculated from the expected oxidation states for the observed elements. The k 0 factors for oxygen are too small for an accurate direct determination, so a systematic error of~2% should be added to the statistical errors which are given in parentheses. 
